High speed machining (HSM) produces parts with substantially higher fatigue strength; increased subsurface micro-hardness and plastic deformation, mostly due to the ploughing of the cutting tool associated with residual stresses, and can have far more superior surface properties than surfaces generated by grinding and polishing.
INTRODUCTION
Finite Element Method (FEM) based modeling and simulation of machining processes is continuously attracting researchers for better understanding the chip formation mechanisms, heat generation in cutting zones, tool-chip interfacial frictional characteristics and integrity on the machined surfaces. Predicting the physical process parameters such as temperature and stress distributions accurately play a pivotal role for predictive process engineering of machining processes. Tool edge geometry is particularly important, because its influence on obtaining most desirable tool life and surface integrity is extremely high. Therefore, development of accurate and sound continuum-based FEM models are required in order to study the influence of the tool edge geometry, tool wear mechanisms and cutting conditions on the surface integrity especially on the machining induced stresses. This paper aims to review the FEM modeling studies conducted in the past and to develop a FEM model for most satisfying simulation of the physical cutting process and most reasonable predictions for cutting forces, temperatures and stresses on the machined surface.
In continuum-based FEM modeling, there are two types of analysis in which a continuous medium can be described: Eulerian and Lagrangian. In a Lagrangian analysis, the computational grid deforms with the material where as in a Eulerian analysis it is fixed in space. The Lagrangian calculation embeds a computational mesh in the material domain and solves for the position of the mesh at discrete points in time. In those analyses, two distinct methods, the implicit and explicit time integration techniques can be utilized. The implicit technique is more applicable to solving linear static problems while explicit method is more suitable for nonlinear dynamic problems.
A majority of earlier numerical models have relied on the Lagrangian formulation [1] [2] [3] [4] [5] [6] , where as some of the models utilized the Eulerian formulation [7] . However, it was evident that the Lagrangian formulation required a criterion for separation of the undeformed chip from the workpiece. For this purpose, several chip separation criteria such as strain energy density, effective strain criteria were implemented as exclusively reported in [8] . Updated Lagrangian implicit formulation with automatic remeshing without using chip separation criteria has also been used in simulation of continuous and segmented chip formation in machining processes [9] [10] [11] [12] [13] [14] [15] [16] . Arbitrary Lagrangian Eulerian (ALE) technique combines the features of pure Lagrangian analysis and Eulerian analysis. ALE formulation is also utilized in simulating machining to avoid frequent remeshing for chip separation [17] [18] [19] [20] [21] [22] . Explicit dynamic ALE formulation is very efficient for simulating highly non-linear problems involving large localized deformations and changing contact conditions as those experienced in machining. The explicit dynamic procedure performs a large number of small time increments efficiently. The adaptive meshing technique does not alter elements and connectivity of the mesh. This technique allows flow boundary conditions whereby only a small part of the workpiece in the vicinity of the tool tip needs to be modeled. The ALE formulation with pure Lagrangian boundaries was also applied to the simulation of orthogonal cutting using a round edge cutting tool by the authors [23] .
On the other hand, the friction in metal cutting plays an important role in thermo-mechanical chip flow and integrity of the machined work surface. The most common approach in modeling the friction at the chip-tool interface is to use an average coefficient of friction. Late models consist of a sticking region for which the friction force is constant, and a sliding region for which the friction force varies linearly according to Coulomb's law.
FEM simulation of machining using rounded/blunt/worn edge tools is essential in order to predict accurate and realistic stress, temperature, strain and strain rate fields. Recent FEM studies reported in the literature include effects of edge geometries in the orthogonal cutting process [24] [25] , simulation of machining non-homogenous materials [26] , predicting stresses on machined surfaces of hardened steels [27] [28] [29] . Recently, Guo and Wen [30] used FE simulations to investigate the effects of stagnation and the round edge geometry on the chip morphology, stress and temperature fields in the machined surface. Davies et al. [31] investigated the effects of work material models on the predictions of the FE simulations. Deshayes et al. [32] simulated the serrated chip formation in orthogonal machining and presented comparisons with experimental results.
The round edge of the cutting tool and the highly deformed region underneath has dominant influence on the residual stresses of the machined surface. This also signifies the proposed work when compared the earlier FEM modeling studies that relied on chip-workpiece separation criteria. The use of a separation criterion undermines the effect of the cutting edge on the residual stress formation on the machined surface. In this study, the work material is allowed to flow around the round edge of the cutting tool and therefore, the physical process simulated more realistically.
MATERIAL CONSTITUTIVE MODELING
Accurate and reliable flow stress models are considered highly necessary to represent work material constitutive behavior under high-speed cutting conditions especially for a new material. The constitutive model proposed by Johnson and Cook [33] describes the flow stress of a material with the product of strain, strain rate and temperature effects that are individually determined as given in Equation (1). In the Johnson-Cook (J-C) model, the constant A is in fact the initial yield strength of the material at room temperature and a strain rate of 1/s and ε represents the plastic equivalent strain. The strain rate ε is normalized with a reference strain rate 0 ε .
Temperature term in the J-C model reduces the flow stress to zero at the melting temperature of the work material, leaving the constitutive model with no temperature effect.
The J-C material model constants for AISI 1045, AISI 4340 steels and Ti6Al4V titanium alloys are given in Table 1 . 
TOOL-CHIP INTERFACE FRICTION
As commonly accepted, in the tool-chip contact area near the cutting edge a sticking region forms, and the frictional shearing stress at the sticking region, τ p should be equal to average shear flow stress at tool-chip interface in the chip, k chip , . Over the remainder of the tool-chip contact area a sliding region forms, and the frictional shearing stress can be determined by using a coefficient of friction, µ, (see Fig. 1 ). The calculated friction characteristics with the methodology explained in Özel and Zeren [37] include parameters of the normal and frictional stress distributions on the rake face. Since the length of sticking region, l p and chiptool contact length, l c are not implemented in the friction model in the FEM simulations they are not given in Table 2 . Instead, a limiting shear friction model is implemented with the limiting shear stress and friction coefficient are given in Table 2 . 
FINITE ELEMENT MODEL AND ADAPTIVE MESHING
The essential and desired attributes of the continuumbased FEM models for cutting are: (1) The work material model should satisfactorily represent elastic plastic and thermomechanical behavior of the work material deformations observed during machining process, (2) FEM model should not require chip separation criteria that highly deteriorate the physical process simulation around the tool cutting edge especially when there is dominant tool edge geometry such as a round edge or a chamfered edge is in present, (3) Interfacial friction characteristics on the tool-chip and tool-work contacts should be modeled highly accurately in order to account for additional heat generation and stress developments due to friction.
In this paper, a commercial software code, ABAQUS/Explicit v6.4 and explicit dynamic ALE modeling approach is used to conduct the FEM simulation of orthogonal cutting considering round tool edge geometry and all of the above attributes are successfully implemented in the model. The chip formation is simulated via adaptive meshing and plastic flow of work material. Therefore, there is no need for a chip separation criterion in the proposed FEM model.
The FEM model as shown in Fig. 2 requires a pre-defined chip geometry. The chip surfaces are defined with the Lagrangian boundary conditions and the chip upper surface is defined with the Eulerian boundary conditions. Therefore, the chip flow is bound at a vertical position. However, the chip thickness and the chip-tool contact length gradually settle to their final size with the change in the deformation conditions as the cutting reaches its steady-state. The major drawback of this approach is that the pre-defined chip shape must be determined before hand and entered into the FEM model. Similar ALE models were presented by Adibi-Sedeh and Mahdavan [21] and by Haglund et al. [22] . The workpiece is also modeled with the Eulerian boundaries from the both ends and with the Lagrangian boundaries at the top and the bottom. The top surface of the workpiece with the free boundaries reaches to the final deformed shape at the steady-state cutting.
In this ALE approach, the explicit dynamic procedure performs a large number of small time increments efficiently. The general governing equations are solved for both Lagrangian boundaries and Eulerian boundaries in same fashion. The adaptive meshing technique does not alter elements and connectivity of the mesh. This technique combines the features of pure Lagrangian analysis in which the mesh follows the material, and Eulerian analysis in which the mesh is fixed spatially and the material flows through the mesh as explained earlier.
The thermo-mechanical FEM simulation model is created by including workpiece thermal and mechanical properties, boundary conditions, contact conditions between tool and the workpiece as shown in Fig. 2 and given in Tables 3 and 4 . The workpiece and the tool model use four-node bilinear displacement and temperature (CPE4RT) quadrilateral elements and a plane strain assumption for the deformations in the orthogonal cutting process. As it is shown in Fig. 2 , the workpiece was fixed at the bottom and at one end. The tool had a 20-micrometer edge radius and was modeled as elastic body with thermal conductivity.
The cutting process as a dynamic event causes large deformations in a few numbers of increments resulting in massive mesh distortion and termination of the FEM simulation. It is highly critical to use adaptive meshing with fine tuned parameters in order to simulate the plastic flow over the round edge of the tool. Therefore the intensity, frequency and sweeping of the adaptive meshing are adjusted to most optimum setting for maintaining a successful mesh during the simulation of the orthogonal cutting process.
The general equations of motion in explicit dynamic analysis are integrated by using explicit central difference integration rule with diagonal element mass matrices. The system equations become uncoupled so that each equation can be solved for explicitly. This makes explicit dynamic method highly efficient for non-linear dynamic problem such as metal cutting. During metal cutting, flow stress is highly dependent on temperature fields as we discussed earlier. Therefore, fully coupled thermal-stress analysis is required for accurate predictions in FEM simulations.
In summary, the explicit dynamic method is used mainly because it has the advantages of computational efficiency for large deformation and highly non-linear problems as experience in machining. Machining, as a coupled thermalmechanical process, could generate heat to cause thermal effects that influence mechanical effects strongly. In the mean time, work material properties change significantly as strain rate and temperature changes. Thus, the fully coupled thermalstress analysis, in which the temperature solution and stress solution are also carried out concurrently, is applied.
RESULTS
The FEM simulations for machining AISI 1045, AISI 4340 and Ti6Al4V at the same cutting conditions were conducted and the chip formation process at the steady state was fully observed as shown in Fig. 3 . The heat generated at the secondary deformation zone and at tool-chip interface is conducted to the cutting tool. The radiation to the ambient is also allowed. Temperature distributions for machining of AISI 1045 and AISI 4340 steels and Ti6Al4V titanium alloy are obtained as shown in the Figures 3, 4 and 5 respectively.
Temperature rises in the primary and secondary deformation zones are high and reach to a steady state very rapidly. It is highly noticeable that the maximum temperatures occur inside the chip due to the low thermal conductivity of the Ti6Al4V alloy, where as the maximum temperatures are observed on the tool rake face in machining of steels. All three-work materials were utilized in the ALE based FE simulations in order to observe the effects of machinability and also the field variables such as temperatures, residual stress on the machined surfaces comparatively. Machining induced residual stress profiles with respect to the depth beneath the machined surface for von Mises stresses, stress components σ xx and σ yy are also computed from the simulated stress fields.
A path prescribed underneath the round edge of the tool is tracked for obtaining the stress components and the temperature with respect to the depth inside the machined surface as shown in Fig. 9 . The machining induced state of stress is the highest in machining of AISI 1045 steel and AISI 1045 steel. However, the von Misses stress is significantly lower on the machined layer in machining of Ti6Al4V titanium alloy as shown in Fig.  10 . On the other hand, process induced stress profiles depict that there exist both compressive and tensile stress regions beneath the surface as shown in Fig. 11 .
In case of machining Ti6Al4V titanium alloy, the stress σ xx is compressive indicating preferred surface integrity.
However, this stress component is mainly tensile in machining of AISI 1045 steel.
All of the work material machined reveals compressive machining induced stress component σ yy as shown in Fig. 12 . The temperature along the prescribed path is significantly high in machining of Ti6Al4V titanium alloy due to low thermal conductivity as shown in Fig. 13 and indicates that there is a possibility of thermo-mechanical processing occurring underneath the round edge tool during machining. In summary, these stress field predictions can be combined with the temperature field predictions and can be fed into surface property models that are highly essential to further predict surface integrity and thermo-mechanical deformation related property alteration on the microstructure of the machined surfaces. Today, most of the surface property models are empirical and still not sufficient to determine the full surface morphology induced by the machining especially finish machining where most of the machining is done with the edge geometry of the cutting tool. 
CONCLUSIONS
In this study, we have utilized the explicit dynamic Arbirary Lagrangian Eulerian method with adaptive meshing capability and developed a FEM simulation model for orthogonal cutting of AISI 1045, AISI 4340 steels and Ti6Al4V titanium alloy using round edge carbide cutting tool without employing a remeshing scheme and without using a chip separation criterion. The extended Johnson-Cook work material model and a detailed friction model are also employed and work material flow around the round edge of the cutting tool is simulated in conjunction with an adaptive meshing scheme. The development of temperature distributions during the cutting process is also captured. Very high and localized temperatures are predicted at tool-chip interface due to a detailed friction model. Predictions of the von Mises stress distributions in the chip, in the tool and on the machined surface are effectively carried out. Process induced stress profiles depict that there exist both compressive and tensile stress regions beneath the surface. These predictions combined with the temperature field predictions are highly essential to further predict surface integrity and thermo-mechanical deformation related property alteration on the microstructure of the machined surfaces. It is believed that the ALE simulation approach presented in this work, without remeshing and using a chip separation criterion, may result in better predictions for machining induced stresses.
